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Observation of positional disorder in LiNaSO4 crystals
by the electron spin resonance of the SO4 free radicals
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Paramagnetic SO4 free radicals produced in pure I.iwaSO4 crystals and in LiNaSO4 crystals
doped with CrO42, Cd2+, and Mg + were detected by electron spin resonance (ESR) at room tem-
perature and at low temperatures. Both the SO4 centers of axial symmetry and of orthorhombic
symmetry are observed. It is established through the ESR of the orthorhombic SO4 centers that a
small fraction of the sulfate oxygens is positionally disordered, and the ESR spectra can be Stted by
assuming that the disordered sulfate group is related to the main group by rejections about the

( 1120I planes or by two-fold rotations about the (1120) axes. Observations by polarized Hght and

by chemical etching does not reveal any twin-domain structure in the LiNaSO4 sample crystals.
Consequently, the disorder is randomly and uniformly distributed at equivalent positions in the
crystal lattice. It is also established by ESR that the SO4 free radicals of orthorhombic symmetry
are most likely to be associated with local Na+ vacancies produced mainly by radiation damage,
and that the lowering of the molecular symmetry from axial to orthorhombic is not intrinsic.

I. INTRODUCTION

This paper reports the electron spin resonance (ESR) of
the SO4 centers in single crystals of y-ray-irradiated
LiNaSO4 crystals. We shall report the effect of impuri-
ties on the production and the magnetic symmetry of the
SOs centers, and the use of the SO~ free radicals as
ESR probes to investigate the disorder in the atomic posi-
tions of the sulfate oxygens. There is at present no report
of the observation of positional disorder in LiNaSO4 crys-
tals, ' 3 however, the Raman spectra at high tempera-
tures indicate that the orientational disorder of the sul-
fate ions increases with temperature. The study of posi-
tional disorder is of much current interest. One ad-
vantage of ESR in the analysis of positional disorder in
crystalhne solids is that the ESR spectra arising from the
orientationally disordered atoms are separable. The ESR
method can provide direct and unambiguous evidence of
positional disorder. The observations of twin domains
(which is a special case when the orientational disorder
has aggregated into macroscopic regions) by ESR have

reported m the past, but to olli' knowledge,
there is no report of the detection by ESR of positional
disorder randomly distributed at equivalent positions in
the crystal lattice.

LiNaSO4 is a member of the crystals of alkali double
sulfates having the general formula of' LiMSG4, where M
stands for Na, K, Rb, Cs, and NH&+, and there is an
abundance of positional disorder in these crystals. Crys-
tals of LiRbSO4, ' LiCsSO~, ' and LiNH&SO~ (Ref. 15)
are usually twinned. The kinds of positional disorder
that could exist in crystalline solids are exempliSed by the
various models proposed to account for the room-
temperature x-ray difFractions of LiKSG4 crystals. Both
the models of the random distribution ' and the ordered
distribution (twin domains) of the static disorder in the

positions of the sulfate oxygens have been proposed.
Dynamical disorder in the sulfate oxygens has also been
proposed for the room-temperature structure of LiK-
SG4. '

ESR of SO4 in single crystals have been reported in

K,SG4,
"-"Na, SG„"L~xaSG„" LiKSG ""-"and

KsNa(SO4)z. The SO~ free radical is identified by
ESR from its g values. ' ' The magnetic symmetry, and
hence the molecular symmetry of the SG4 free radicals
produced by ionizing radiation are usually lower than the
molecular symmetry of the SO4 in the crystal lattice.
Several models have been proposed to explain this lower-
ing of the magnetic symmetry, and these includes(1) stat-
ic Jahn-Teller distortion or crystal-field distortion, (2) an
intrinsic property, and (3) association with local cation
vacancies' ' (which can be included in the category of
crystal-field distortion). To test these models, we feel that
it is best to choose host crystal lattices in which the
molecular symmetry of the SO4 ions is high, since any
departure of the SOs free radicals from the molecular
symmetry of the SO4 ions can be definitely established
by ESR. Double sulfates of the Langbeinite K2Mg2(SO4)3
structure are cubic crystals, but sulfur atoms occupy
general positions in the crystal lattice, and the molecular
symmetry of the sulfate ions is low. Four crystals of sul-
fates are uniaxial: LiKSO& is hexagonal, ' and
LiNaSO4, ' K3Na(SO4)z, and KNaSOs (Ref. 29) are trigo-
nal. The molecular symmetry of the SO4 ions is Cs„ in
these four crystals, and the symmetry axis of the sulfate
tetrahedra coincides vnth the c axis. These crystals seem
to be ideal for the study of the molecular symmetry of the
SG4, free radicals. The ESR of SG& centers in pure and
x-irradiated LiNaSO4 crystals have been reported, ' but
the analysis of the ESR spectra was questioned. ' ' %'e
shall report in this paper the analysis of the ESR of the
SG4 centers produced by y irradiation in pure LiNaSG4
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crystals and in I.iNaSO4 crystals doped with Cr04
Cd +, and Mg +. The CrO„ ions, which are eScient
electron trap centers, ' can increase the yield of stable
SO~ centers. ' Cd + and Mg + are chosen as dopants
because its ionic radii are nearly identical to those of the
Na+ and the I i+ ions. The purpose of the doping of im-

purities is to test the model of the association of the SO4
free radicals with local cation vacancies.

II. EXPERIMENTAL

Single crystals of pure LiwaSG4 for ESR study mere
grown at 40 and 60'C from aqueous solutions containing
equimolar quantities of lithium sulfate monohydrate and
sodium sulfate. LiNaSO& crystals doped with Cr04
Cd +, and Mg + impurities were grown by adding a
SITlall amount of Na2C1 og 3cds04 SH20, and
MgSO4 7HzO, respectively, into the growth solutions.
The x-ray diffraction patters of powdered crystals
confirms the P31c structure' of our sample crystals. The
a axis of the sample crystals was identified by single-
crystal x-ray difFraction. Sample crystals were irradiated
at ambient temperatures with y rays from a Co source
for total dosages of 2-3 Mrad. The ESR spectrometer
used has been described elsewhere. '2

III. CRYSTAL STRUCTURE OF LiNaSO&

I.iNaS04, crystals are of the trigonal P31c structure,
and the lattice constants are a =7.6270 A and c =9.8579
A. ' There are six molecular units in a hexagonal unit
cell. The Li atoms and the Na atoms occupy general po-
sitions, and the sulfur atoms are located on two different
threefold axes. There are three crystallographically ine-
quivalent sulfate tetrahedra: (SO4)i is slightly elongated,
(SO4}z is slightly compressed, and (SO4)& is nearly regu-
lar. The sulfate tetrahedra are of the C&„molecular
point-group symmetry, and the point symmetry at the
sulfur sites is the threefold axis. Figure 1 shows the pro-

FIG. 1. Projections of the atomic positions of LiNaSO~ onto
a (0001) plane.

jections of the atomic positions onto a (0001}plane of the
crystal lattice.

IV. ANALYSIS OF THE ESR
OF THE SOq CENTERS

Paramagnetic SO4 radicals are spin (efFective spin) -—,
'

centers, and the efFective g factors can be fitted by the
equation,

R =(I T„+m2T +n2T +21mT„

+2mn T„+2n/T,„)'",
where R is the efFective g factor, TJ are the elements of
the T matrix which is the square of the g matrix, and I,
m, and n are the directional cosines of the magnetic field
with respect to the reference x, y, and z axes which are
chosen parallel to the a, b ', and c axes of the crystal lat-
tice. The b' axis is perpendicular to both the a and the c
axes. It is convenient to define taro lines in a rotation
pattern (the point diagram of the values of the resonance
field versus the orientation of the magnetic field) as mag-
netic conjugates when their g factors in a general farl

plane are given, respectively, by

Z =[cos2g T~~+sinzq T„„csin(2q )T(„]''2,

TABLE I. The T matrix, the principal g values, and the principal axes. RT denotes room temperature.

4.0173
0.0111
0.0081

4.0315
0.0273

0.0244

4.0251
—0.0083

0.0106
4.0816

0
0

4.0288
0.0445

0.0121

T matrix

0.0111
4.0731

0.0563
0.0273

4.1287

0.0521
—0.0083

4.0471
—0.0&I4

0
4.0816

0
0.044S

4.2398
0.1313

0.0081
0.0563
4.1041

0.0244

0.0521

4.0483

0.0106
—0.0044

4.0550
0
0

4.0719
0.0121
0.1313
4.1102

Principal values and axes

2.0037:
2.0078:
2.0368:
2.0032:
2.0080:
2.0405:
2.0050:
2.0113:
2.0154:

[0.9641,—0.2553,0.0733]

[0.2459,0.7535,—0.6097]

[0.1004,0.6058,0.7892]

[0.6954,0.1521,—0.7024]

[—0.6705,0.4893,—0.5578]

[0.2588,0.8588,0.4422]

[0.9356,0.2460,0.2531]

[—0.0916,0.8619,0.4988]
[0.3408, —0.4435,0.8290]

g )i

——2.0179, g] ——2.0203

2.0030: [0.7775,—0.4210,0.4672]
2.0804: [0.1462,0.8435,0.5168]
2.0097: [—0.6116,—0.3335,0.7174]
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where y is the angle between the field direction and the g
dlrectlon. A pair of conjugate 11nes ar18e from two chem-
ically equivalent but magnetically inequivalent sites, and
their rotation patters are symmetrical to each other.

The point group of the P31c (CI„) structure of
LiNaS04 is the trigonal 31m group, which is of the same

Laue-symmetry class as the trigonal 312 (DI) group.
ESR of spin- —,

' centers cannot distinguish between these
two symmetry groups. The T matrices of the magnetical-
ly inequivalent sites are related by similarity transforma-
tions. The six T matrices pertaining to the 31m (or the
312) group are the following (upper signs):

PZ

—XX +—PP—I 3
4

v3
XP

XX +X/' +XZ

+X3' 3'P'

kXZ PZ ZZ
r

T2 = +X/
RXZ

3'3'

PZ

PZ

v'3 v'3

4
(xx —yy) ——'xy + yz + —'xz

2 2 2

T3

v'3
gz W 2XZ

3 v3
(xx —yy) ——'xy —'xx + -'yy + xy2 4 4

v'3
+ 2'+ XZ

v'3
+ —PZ + XZ

2 2

4XX + 4'+ XP
v'3

(yy —xx ) —-'xy % yz W —'xz
2 2 2

v'3
XP

+ 2/Z+ XZPZ + 2XZ

3 3 1

4 (yy —xx ) ——xy —xx +—yy—2 4 4

v'3
+ 2'+ XZ (3)

v'3
+—3'3'+ X3'

v'3 v'3
(xx —yy)+ —'xy + yz + -'xz

2 2 2

3
1 3(xx —yy)+ —xy —xx + -yy—
2 4 4

v'3
+ gz+ 2XZ

v'3, v'3
XP +2/Z 7 XZ

2 2P'Z + XZ ZZ

4XX+ 4PP—1 3
v3 v3
2 4

xy (yy —xx )+ -'xy
2

3 v3
(yy —xx )+—'xy —'xx +—'yy + xy2 4 4

v3
PZ 5 2XZ

v'3
k 2'+ XZ

PZ + 2XZ
3 +2'+ XZ1

ZZ

For simplicity, only the subscripts of the matrix elements
have been written down in Eqs. (3). The T matrices have
been assumed to be symmetric in the above equations.

When all three of the ON'-diagonal elements of the TI
matrix are nonvanishing, then Eqs. (3) (upper signs) pre-
dict that the six inequivalent sites become pairwise degen-
erate at both the a and the b' axes, and are all degenerate
at the c axis. The six sites are nondegenerate in both the
(a, b*) and the (b', c) planes, and show up as three pairs
of conjugates in the rotation patterns. The six sites are
palfwlsc dcgcllcfatc 111 thc (a, c) plaIlc, aIld tllc (a,c) fota-
tion pattern will show three lines.

If there is disorder in the atomic positions of the sul-
fate oxygens, and if the disordered oxygens are related to
tllc Dflglnal oxygcns by tllc thI'cc [ 1 120I mirror plaIlcs of
by the three (1120) twofold axes, then the SO~ free
radicals produced at the disordered sites mill be chemical-
ly equivalent but Inagnetically inequivalent from those
produced at the original sites. The t1120I planes or the

I

(1120) axes are not symmetry operations of the 31m
point group of the LiNaS04 lattice, but both are symme-
try operations of the underlying crystal lattice. The
products of the three ad, I1120I mirror planes and the
six symmetry operations of the 31m group (E,2C„3cf, )

will generate three additional symmetry operations (CI
and 2C6), resulting in the hexagonal C6„group. The C6,
group is of the same Laue-symmetry class as the hexago-
nal D6 group. Hence, the presence of positional disorder
wi11 make the rotation patterns look as if the Laue-class
symmetry of the crystal lattice is the hexagonal D6 sym-
metry which has 12 symmetry elements. The six addi-
tional T matrices are also given in Eqs. (3) (lower signs).
When all three of the ofF-diagonal elements of the T, ma-
trix are nonvanishing, then the six disordered sites are de-
generate with the six original sites in both the (a, b '

) and
the (b', e) planes, but are nondegenerate in the (a,c)
plane and in any nonmajor crystal plane. %'hen they are
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nondcgeneratc, then the six disordered sites and the six
original sites will show up as conjugate lines in the rota-
tion patterns.

The twin-domain patterns of a crystal can be revealed
by one or both of the two methods: by observation with
a polarizing microscope or by chemical etching. Obser-
vations by both methods of our sample crystals does not
reveal any twin-domain pattern.

Besides the SO4 free radicals, the ESR spectra of the
sample crystals also reveal the presence of other free radi-
cals such as SO3 and 03, which are the by-products of

the further radiolysis of the SO4 free radical. %e shall
report only the analysis of the SG4 in this paper. Two
orthorhornbic SO4 centers are detected by ESR at room
temperature from pure LiNaSO4 crystals and from
LiNaSO4 crystals doped with Cr04 . These two centers
are designated as center A and center 8. The average g
values and the anisotropies of center A and center 8 indi-
cate that these are the SO& free radicals. The signal in-
tensities of the lines of center 8 are of about 20-30%%uo of
the lines of center A. The rotation patterns of center A

and center 8 in the three major crystal planes are shown
in Fig. 2. The T, matrix and the principal g values and
the principal axes of the g tensor are listed in Table I.
The rotation patterns shown in Fig. 2 are in agreement
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FICi, 2. Rotation patterns of the center A and the center 8 of the orthorhornbic SO& free radicals in the three major crystal
planes. In the {a,e) plane, lines of center A (sohd lines) are accompanied by their conjugates (dashed lines), but lines of center 8,
which are vveaker, are not accompamed by their conjugates.
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FIG. 3. Rotation pattern of the center A of the S04 free
radical in a (OI1) plane. The main lines of center A (solid lines)
are accompanied by their conjugate lines (dashed lines).

with the analysis given in Sec. IV. The lines of center A

are accompanied by their conjugates in the (a, c) plane.
These conjugate lines are of signal intensities about
10-309o of those of the main lines of center A„depend-
ing on the orientation of the magnetic SelL The presence
of the weak, conjugate lines indicates that there is posi-
tional disorder in the sulfate oxygens of the type de-
scribed in Sec. IV.

Besides center A of the SO& free radical, an intense
line with an almost isotropic g value of 1.998 is also
detected by ESR at room temperature from crystals
doped with Cd +. The origin of this line is the Cd+ ion
created when the Cd + ion captures an electron released
during radiolysis. ' The hyperfine lines due to the
I= —,', Cd"' and Cd" isotopes on the high-field side are
also detected. From LiNaSO~ crystals doped with Mg +,
very weak orthorhombic lines characteristic of the SO4
free radicals are detected by ESR at room temperature, in
addition to the center A and center 8 of the SO4 free
radicals. Because of their low signal intensities, these
lines cannot be analyzed. The lines of center A are ob-
served to be accompanied by their conjugates in both
LiNaSO4 crystals doped with C12+ and Mg +.

Additional evidence of the existence of positional dis-
order is provided by the room-temperature rotation pat-
tern of center A in a (011) plane (referred to the ortho-
rhombic a, b'=&3a, and c unit cell). The result of the
analysis of the (011)pattern is shown in Fig. 3. The sam-
ple crystal in this case is LiNaSG& doped with Cd +, Be-
sides the almost isotropic spectrum of the Cd+ ion, the
six lines of center A can be identified from the pattern.
Center 8 is of negligible signal intensity in Cd-doped
sample crystals. The solid curves shown in Fig. 3 are
generated by using T, matrix for center A in Eq. (3)
(upper signs) and Eq. (1). The fit between the calculated
values and the experimental values is quite good, the larg-
est deviation is about 2 6 which is about the size of the
experimental error incurred by the variation of the reso-

nance frequency induced by the rotation of the sample
crystal inside the cavity. The six dashed lines in Fig. 3,
which are conjugate to the main lines of center A, are
plotted by using the same T, matrix for center A in Eq.
(3) (lower signs) and Eq. (1).

%e have also taken the rotation patterns at 200 and
120 K. The ESR of the SO4 free radicals does not indi-
cate that LiNaSO4 crystals have a low-temperature
structural phase transition between 300 and 100 K. %'e
have also measured the dielectric constant of a c-cut
LiNaSO4 crystal between 300 and 120 K, and no anomaly
was detected. There is no report in the literature of any
low-temperature structural phase transition of LiNaSO&
crystals. Therefore, the changes that we have observed in
the ESR spectrum are due to relaxation eff'ects.

The most significant feature of the low-temperature
spectrum in pure LiNaSO4 crystals and in LiNaSO4 crys-
tals doped with CrO& is the emergence of a strong and
almost isotropic line which we have designated as center
D. Center D is of axial symmetry with gI

——2.018 and
gi=2. 020. The average g value of center D is 2.019 at
200 K, which is very close to the value of 2.020 for the
SO4 center in K2SO& at liquid-nitrogen temperature.
Hence center D can be identi6ed as a SO4 free radical
with axial symmetry. The signal intensity of this axial
center increases with decreasing temperatures. In
LiNaSO4 crystals doped with Cd +, center D is very
weak or nonexistent at low temperatures. Center D is
detected at low temperatures in LiNaSO& crystals doped
with Mg +, but with a reduced signal intensity.

At 200 K, another paramagnetic species designated as
center C is also detected to be increasing in signal intensj. -

ty in pure and Cr04 -doped sample crystals. At room
temperature, the signals of center C are rather weak,
showing only scattered data points in the rotation pat-
terns, and were omitted in Fig. 1. Figure 4 shows the ro-
tation patterns of center C and center D in the three ma-
jor crystal planes at 200 K. The evaluated parameters for
center C and center D are also listed in Table I. At 200
K, the principal values of center C are 2.005, 2.011, and
2.015, and the average value is 2.010. The anisotropy and
the average g value of center C are very similar to those
reported for the SO2 free radical. ' The main lines of
center C are also accompanied by their conjugates in the
(a, c) plane (see Fig. 4).

At 120 K, another paramagnetic species designated as
center E is detected. The signal intensity of center E
(which is of orthorhombic symmetry) is much weaker
than that of the axial SO4 center, and its lines are not
accompanied by their conjugates in the (a,c) plane. The
evaluated parameters of center E are also listed in Table
I. The anisotropy and the average g value of center E are
much larger than those normally reported for the SO4
free radicals, but center E is still probably a SO~ free
radical trapped at a different site.

There are four significant experimental facts that we
are able to obtain from the ESR of y-irradiated LiNaSO4
crystals, namely, (1) one of the SO4 centers (center A) is
accompanied by weak, conjugate lines, (2) the observation
of an axial SO4 center (center D) having a molecular
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symmetry identical to its parent SO4 radical, (3) the
disappearance of the axial SO4 center in Cd-doped crys-
tals, and (4) the ESR spectra of the SO4 free radical
designated as center A are identical in pure I.iNaSO&
crystals and LiNaSO4 crystals doped with Cr04, Cd +,
and Mg +.

The mean g value of the axial SO4 center {center D) is

typical of the SO4 free radicals. '~' The detection of
such an axial SO& free radical herbose molecular symme-

try is identical to its parent 804 radical would imply
that the low molecular symmetry normally observed for
the SO& free radicals is not an intrinsic property. Be-
cause of the existence of three chemically inequivalent
sulfate tetrahedra in a crystal LiNaSO4, ' it is not easy to
identify which one of the three is responsible for the ap-

pearance of this axial center. But since the anisotropy of
this center is rather small, it is highly probable that it re-
sides on the site of the (SO4)3 tetrahedron which is almost
regular. ' The disappearance of the axial SO~ center in
Cd +-doped crystals is also consistent with the assertion
that the low Inolecular symmetry usually observed for the
SQ„ free radicals is not an intrinsic property. It is most
likely that the Cd + ions replace the Na+ ions, since
their ionic radii are identical. In such a case, Na+ vacan-
cies will be created as a charge-compensation mechanism,
and this can explain the disappearance of the axial SO4
center. The ESR signal intensity of center A is stronger
in LiNaSO4 crystals doped with Cd + than in the three
other types of the sample crystals, and this seems to sug-
gest that center A is produced at the (SO4)3 site, and that
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FIG. 4. Rotation patterns at 200 K of center C which is of orthorhornbic symmetry and which is probably the SO& free radica
and the axial SO& free radical (center D) in the three major crystal planes. In the (c,c) plane, lines of center C (solid lines) are ac-
companied by their conjugate Hnes (dashed lines).
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it is associated with a local Na+ vacancy. The fact that
center A of the SO4 free radicals is observed to be iden-
tical in all samples crystals, pure and doped, mould imply
that the Na+ vacancy is mainly pI'oduced by radiation
damage.

VI. CONCLUSIONS

We have established through the ESR of the SO~ free
radicals in LiNaSO& crystals that a fraction of the sulfate
groups is positionally disordered, and the positions of the
disordered sulfate oxygens are probably related to the
main oxygens by the I 1120I mirror reflections or by the
twofold (1120) axes. Since the sample crystals are not
observed to be composed of twin domains, it can be con-
cluded that the disorder is distributed randomly and uni-

formly throughout the crystal lattice. %e have also es-
tablished that the orthorhombic SO4 centers in

LiNaSO4 crystals are probably associated with Na vacan-
cies created by radiation damage, and that the lowering
of the magnetic and the molecular symmetry of the SO~
free radicals is not an intrinsic property.
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